key variables: leaf appearance rate, leaf elongation rate, and leaf lifespan. The expression of each of these traits is (Cooper, 1964). However, this trait may be related to ment of yield, quality and adaptation in perennial ryegrass breeding.
. However, this trait may be related to ment of yield, quality and adaptation in perennial ryegrass breeding.
the onset of reproductive development (Kemp et al., 1989) and be negatively correlated with survival during harsh winters. In addition, selection for large leaves has P erennial ryegrass is the most widely sown perenbeen shown to increase yield under infrequent grazing nial forage grass in temperate regions of the world.
( Rhodes and Mee, 1980; Hazard and Ghesquiè re, 1997) . The popularity of perennial ryegrass in pastoral agriculHowever, interactions between grazing management ture is largely due to high yield of digestible nutrients and optimal leaf size have been detected, with shortcombined with good tolerance to grazing and adequate leaved selections being better adapted to frequent cutseed production (Wilkins, 1991) .
ting (Hazard and Ghesquiè re, 1997) . The morphogenesis of individual grass plants within Genetic variation in morphogenetic traits associated a grazed sward plays a key role in determining herbage with reproductive development is of practical imporyield, persistence, and recovery from grazing. In vegetatance in perennial ryegrass breeding not only because tive plants, plant morphogenesis is described by three of the potential correlation between these traits and vegetative production, but also because of the association of these traits with seed yield (Elgersma, 1990a) . CROP SCIENCE, VOL. 44, MAY-JUNE 2004 type (DH290) did not survive and was consequently not availof winter hardiness has been performed in cereals such able for phenotypic analysis.
as wheat (Triticum aestivum L.) and barley (Hordeum vulgare L.) (Cahalan and Law, 1979; Brule-Babel and Fowler, 1988; Doll et al., 1989) , allowing the chromoPhenotypic Assessment of Morphological and somal location of the genes controlling these characters Developmental Characters to be determined. A similar approach may be employed Individual plants from the p150/112 mapping family were for pasture grasses.
transplanted at Nagasaka, Japan (35Њ49Ј N, 138Њ22Ј E) Triticeae species (Jones et al., 2002a) . The p150/112 scale from 1 to 9 with 1 being most erect and 9 being most genetic map has been further enhanced by the assignprostrate, heading date (ear emergence) was measured in days ment of nearly 100 polymorphic perennial ryegrass simafter 1 May 1997 and the degree of aftermath heading (on ple sequence repeat (LPSSR) loci (Jones et al., 2001) 14 July 1997) was measured on a scale from 0 to 9 with 0 to locations on each of the seven linkage groups (Jones corresponding to no heads and 9 corresponding to many heads. et al., 2002b) . As a consequence, a total of more than Centre for Hokkaido Region (NARCH) located at Sapporo, population. The emphasis was on morphological and Japan, (43Њ00Ј N, 141Њ25Ј E). Electrical conductivity was meadevelopmental traits associated with pasture productivsured on three leaves from each plant. Leaves were excised ity, reproductive development traits and winter hardiin 5-cm-long sections at a 10-to 15-cm height from the base ness characters that may influence survival and subsein December 1999, and were shredded, placed into culture dishes, and transferred to a temperature of Ϫ2ЊC. After a 12 h quent performance in cold climate environments. equilibration period, the temperature was lowered manually in 1ЊC decrements every 1 h to a final value of Ϫ6ЊC and
MATERIALS AND METHODS
samples were then held for 8 h before being placed in microtubes. Distilled water (1.0 mL) was added to each tube, and
Genetic Mapping Family
samples were held at 5ЊC for 12 h. The conductivity of the resulting solution was measured using a conductance meter. A The p150/112 reference genetic mapping population was derived from a pair-cross between a multiply heterozygous comparative value for 100% leakage was obtained by freezing replicate samples from each genotype at Ϫ80ЊC for 4 h. plant as pollinator and a doubled haploid (DH) as the female parent (Bert et al., 1999; Jones et al., 2002a) . The cross was Individual plants from the p150/112 mapping family were also grown at the field premises of NARCH, with four replicagenerated at the Institute of Grassland and Environmental Research (IGER), Aberystwyth, UK, and clonal replicates of tions in replicated block design from 1999 onwards. Survival in the field at Sapporo following the winter of 1999-2000 was up to 183 progeny individuals and the multiply heterozygous parent were distributed to ILGI participant laboratories for measured in April 2000 by a visual assessment score (from 1-5) of plant recovery on all four replicates. genotypic and phenotypic analysis. The doubled haploid geno-
Statistical Analysis
Significant phenotypic variation was detected between progeny individuals for all traits except for leaf Data analyses were performed in SAS (SAS Institute Inc.).
width (Table 1). Broad sense heritability values for sig-
The significance of progeny and replicate effects were ananificantly variable traits ranged from 0.46 for leaf length lyzed by general linear modeling (Proc GLM), broad sense to 0.9 for heading date. Significant replicate effects were heritabilities were calculated according to Wricke and Weber (1986) . The Shapiro-Wilk statistic (W-test) was used to assess observed for tiller number, plant type, and winter surthe normality of averaged data (normal option in Proc UNIvival. The distribution of averaged data deviated signifi-VARIATE). Spearman's rank-order correlation coefficients cantly from normality for tiller number and aftermath were determined for pair-wise comparisons of averaged trait heading traits (skewed toward high numerical values) data (spearman option in Proc CORR).
and for the leaf length, fresh weight, plant type, heading date, and electrical conductivity traits (skewed toward QTL Analysis low values).
Coefficients of phenotypic correlations between traits
A framework set of genetic markers from the p150/112-ranged from nonsignificant to a maximum value of 0.68 based reference map (Jones et al., 2002a) , including the majority of the heterologous RFLP loci, was combined with the (Table 2) . A number of the morphological and developperennial ryegrass SSR locus data (Jones et al., 2002b) to mental traits showed highly significant positive correla- Churchill and Doerge, 1994; Doerge and Churchill, 1996) . For each form of interval analysis, the maximay be an artifact due to the complex history of the mum LOD value associated with the most closely linked heterozygous parent in this cross. Significant negative marker, the weight value associated with additive marker alcorrelation between heading date and plant height was lele effects, and the proportion of the phenotypic variance also anticipated in this study, as each genotype was attributable to the QTL were tabulated.
cut at the heading date and showed variable rates of regrowth at the time of data collection. However, the variation of plant type and tiller number is likely to be
RESULTS AND DISCUSSION
largely independent of the rate of regrowth. Variation
Analysis of Phenotypic Variation
for tiller number will include the large number of tillers for Agronomic Traits formed during growth before flowering, as well as the The distribution data for morphological and developrelatively small number formed during regrowth. mental traits are shown in Fig. 1 
(A) and (B). Substantial
There were no significant correlations between winter variation is observed for the majority of these characsurvival and any of the morphological or developmental ters, with a range of 30.8 cm for plant height, 194.3 g traits measured. for fresh weight at second harvest, 24 d for variation in heading date, and 4 units for plant growth type from
Comparison of Analytical Techniques
moderately erect to moderately prostrate. The correfor Marker-Trait Association sponding data for the winter hardiness characters are Significant associations between marker and trait data shown in Fig. 1(C) . The average phenotypic score for were established for the majority of traits by single the heterozygous parent was located toward one tail of marker regression (SMR) on the basis of analysis of the progeny distribution range for the majority of traits.
variance (ANOVA) at the p Ͻ 0.01 significance level. Since the heterozygous parent was derived from crosses Simple interval mapping (SIM) subsequently identified between plants with very different genetic backgrounds, 17 significant QTLs (maximum LOD Ն 2) for 11 of the it may show heterotic effects for a number of size, vigor, 13 measured traits. Composite interval mapping (CIM) and developmental characters. The parental phenotype was also performed on the dataset following determinawas very close to the progeny mean for the spike length, tion of empirical LOD thresholds, allowing the identifinumber of spikelets per spike, and winter survival traits, providing evidence for transgressive segregation.
cation of 20 QTLs for the 11 traits (Table 3) . A large proportion of QTL locations were identified by both with a maximum LOD value of 2.7 at 53.9 cM with an empirical LOD threshold of 2.8. In this case, the SIM and CIM. For example, for the heading date trait, genetic markers in the interval from 39.9 to 72.3 cM on identification of a significant region of the genome controlling the trait by SMR and SIM and the closeness of linkage group (LG) 4 were significantly associated with the trait data by SMR, while SIM detected a QTL with the maximum and threshold values determined by CIM would tend to support the inference of a genuine genetic maximum LOD value of 4.0 close to the xlpssrh01h06 locus at 53.5 cM, and CIM detected a QTL with a maxieffect in this region. Other examples are less obvious: for the trait of plant height, SMR analysis revealed sigmum LOD value of 3.6 at 56.3 cM with an empirical LOD threshold of 2.9.
nificant associations for markers on LG1 and SIM identified a QTL with a maximum LOD value of 3.6, but A number of discrepancies in QTL detection were identified through comparison of the different analytical the maximum LOD value determined by CIM was 1.3, considerably lower than the threshold value of 2.8. In techniques. In several instances, SMR analysis revealed significant marker-trait associations and SIM detected addition, for both the leaf length and leaf width traits, only single markers were significantly associated with QTLs above the LOD threshold, but the trait-specific threshold value determined for CIM was not exceeded.
the respective trait data. SIM identified significant QTLs with maximum LOD values of 2.1 for both traits, but For instance, for the spike length trait, genetic markers in the interval from 25.5 to 84.1 cM on LG1 were signifino significant QTLs were identified by CIM. Clearly, QTL detection in such circumstances should be treated cantly associated with the trait data, while SIM detected a QTL with maximum LOD value of 4.7 close to the as indicative rather than definitive. The different results obtained by different forms of e33t50175 locus at 53.9 cM, but CIM detected a QTL analysis are also shown for the trait of electrical conducsignificantly correlated, and the directions of the QTL tivity. The terminal marker on LG4 (xr2702Bb) was effects were in agreement with the sign of the correlaidentified as significantly associated with the trait and tions. For instance, coincident QTLs for plant height, SIM detected a QTL with maximum LOD value of 2.0 tiller size, number of spikelets per spike and spike length close to this marker. However, no significant QTLs were were identified by SIM on LG1, and these traits show detected on this LG by CIM. In contrast, two significant significant positive phenotypic correlations. The QTL QTLs on LG6 were detected by CIM, with maximum weight values determined by both types of mapping LOD values greater than the threshold value of 2.6. analysis (Table 3) were also all positive. No supporting evidence is available from SMR or SIM Coincident QTLs for traits associated with plant size analysis for these QTL. The LG6 electrical conductivity have been identified in three regions, most strikingly on QTLs are in close linkage and in repulsion phase, as
LGs 1 and 3. The positive weight values of the colocating indicated by weight values of -2.99 and 3.7, respectively, QTLs suggest two possible interpretations. Allelic variaas well as accounting for similar proportions of the phetion at a single pleiotropic locus could be responsible notypic variance. The similar but opposing effects of for the concurrent increase (or decrease) of phenotypic these regions may account for the failure of detection values for the relevant traits. In barley, large QTL efby SMR and SIM. For both LGs (4 and 6), but on fects on plant height are associated with variation at the different criteria, the QTL effects for electrical conducdenso dwarfing gene (Bezant et al., 1996) , which maps tivity are suggestive, but require further validation.
to 3H, the syntenic counterpart of perennial ryegrass LG3 (Jones et al., 2002a) . It is possible that single under-
Genetic Control of Morphological
lying scale-determining loci may have been detected in and Developmental Traits this study. Alternatively, a number of cis-linked alleles with similar directions of effect may be present at differBetween 1 and 3 QTLs were detected for each of the ent loci. In either case, selection for a single set of linked morphological and developmental characters by either markers would lead to an increase for each trait. SIM or CIM (Table 3, Fig. 2 ). QTLs for different traits Despite the highly significant correlations between were frequently located in the same chromosomal reheading date and the morphogenetic traits of plant type, gion, with coincident groups on LGs 1, 3, 4, and 5. The coincident QTLs corresponded to traits that were tiller number and plant height, only one QTL (for plant type) colocates with the heading date QTL. This obseras a breeding objective and the marker allele haplotype associated with reduced aftermath heading could be vation supports the previous inference that plant type and tiller number are largely independent of the period targeted for selection. A single QTL for heading date was observed in the of regrowth after cutting, and that the harvesting regime following the heading date did not impair the ability to current study. However, a number of QTL positions for this trait have been reported from the analysis of single detect QTLs for these traits. If the QTLs resulting in phenotypic variation for these traits had been a simple mapping populations in other Poaceae species. Previous mapping studies in perennial ryegrass have produced reflection of genetic factors segregating for heading date, a large number of coincident QTLs would have more complex results (Hayward et al., 1994) . The absence of common markers between the population used been expected.
The only traits in this study that reveal noncoincident in this and the present study prevents any inference of common location. The number of QTLs and their relaQTLs were plant type (LG7) and aftermath heading (LG6). These QTLs offer the potential to select for the tive importance may vary according to the origin of the genotypes used to construct mapping families. Studies corresponding traits without correlated effects on other traits. Plant type is of significance in the breeding of on geographical populations of Lolium species covering the climatic range from the Mediterranean region to perennial ryegrass for turf quality, which is associated with a more prostrate growth habit. The large plant type northern and central Europe revealed a regular cline in flowering responses to temperature and photoperiod QTL on LG7 provides a good target for marker-assisted selection of growth habit. Aftermath heading is usually (Cooper, 1960) . The heterozygous parent of the p150/ 112 mapping population was derived from a cross beassociated with early flowering perennial ryegrass varieties suitable for hay making, which tend to show reduced tween eastern European (Romanian), southern European (north Italian ecotypes) and northern European perenniality and persistence. For this reason, a high degree of aftermath heading is likely to be disfavored ('Melle' or 'S23') genotypes, and might be expected to represent a variety of response genes. It is also likely that ing ability as assessed by the electrical conductivity small QTLs for heading date have not been detected in method. A single QTL for electrical conductivity was this analysis. The single QTL for heading date on LG4 detected in the upper part of LG4 by SMR and SIM, but accounts for about 20% of the phenotypic variation not CIM, accounting for 11.8% of the total phenotypic based on SIM, but the character shows a high broad variation and adjacent to the heading date QTL. Late sense heritability (0.90), suggesting that a substantial flowering and reduced freezing tolerance (as indicated proportion of the heritable variation has not been attribby high electrical conductivity) is not significantly correuted to specific genomic regions. lated in this cross, but the weight values of the linked QTLs were positive, suggesting that cis-linked alleles
Genetic Control of Winter-Hardiness Traits
were causing an increase in phenotypic values of both traits. This is inconsistent with previously identified corNo significant QTLs were detected for winter surrelations between higher freezing tolerance and later vival. It is known that field assessment of winter survival flowering (Humphreys and Eagles, 1988) and may be may be confounded by experimental errors (Fowler, due to the complex nature of the cross. 1979). The electrical conductivity method, also known Winter hardiness in wheat (Sutka, 1994; Galiba et al., as the ion leakage method, has been used extensively 1995, 1997) and barley (Pan et al., 1994) is associated for the evaluation of freezing tolerance through meawith QTLs on the homeologous group 5 chromosomes surement of the release of cellular electrolytes after in the same region as the vernalization response genes freezing (Dexter et al., 1930; Dexter et al., 1932) . Previthat control heading date. In this study, winter hardious studies of the winter survival of barley, wheat, rye ness-associated and heading date QTLs were located and triticale cultivars in Finland, where frost was considon LG4 in perennial ryegrass. Perennial ryegrass LG4 ered to be the more important stress factor than snow (Hö mmö , 1994) , showed good correlations with hardenhas been proposed to correspond predominantly to the homeologous group 4 chromosomes of the Triticeae provides further evidence for the presence of genes for winter hardiness on the group 4 chromosomes of the cereals (Jones et al., 2002a) . However, the upper part of LG4 has been shown to contain heterologous RFLP Lolium and Festuca genera as compared with the group 5 homeologous chromosomes of the Triticeae. markers that map to the wheat homeologous group 5 chromosomes and its syntenic counterpart, rice chromosome 3. Evolutionary translocations between group 4 CONCLUSIONS and group 5 homeologous chromosomes have been observed for several Triticeae genomes (Devos et al.,
The analysis presented here provides an insight into the genetic control of a number of important growth 1995). A comparative map has been constructed for meadow fescue (Festuca pratensis Huds.) using heteroland adaptation characters in current perennial ryegrass breeding programs, along with an interpretation of their ogous anchor RFLPs, many of which are common with the perennial ryegrass study (Alm et al., 2001 (Alm et al., , 2003 . A interdependence in genetic and developmental terms. However, it should be noted that although substantial region syntenic with the portion of the Triticeae 5L chromosomes that corresponds to rice chromosome 3 replication was performed within the experimental design, the study is restricted to a particular locality and is present on the upper part of meadow fescue LG4. The Lolium and Festuca genera are closely related, and time. For this reason, it is conceivable that genotype ϫ environment (G ϫ E) interactions could lead to the the high level of recombination observed in triploid F 1 hybrids between L. perenne and F. pratensis suggests detection of different QTL locations for equivalent traits in other studies. The establishment of the p150/ conservation of gene order (King et al., 1998 ). An evolutionary translocation between linkage groups corre-112 mapping family at a number of ILGI-participant laboratories now provides the basis for such comparasponding to groups 4 and 5 of the consensus wheat map may have occurred before the divergence of the Poeae tive QTL mapping studies. The use of several marker-trait association analysis grasses. Alm (2001) also performed QTL analysis of frost and drought tolerance in meadow fescue and detechniques such as SMR, SIM, and CIM provides the means to assess the robustness of QTL detection in a tected a small QTL for frost tolerance on LG4. This
